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CHAPTER I
STATEMENT OF THE PROBLEM

The tendency of some of the modern carrier based
aeirplanes to lose helght after belng catapult launched from
carrler decks hess become a problem of growlng concern to the
Navy. Several types of jet fighter alrplanes in current use
by the fleet have exhibited marginal take-off performance
when catapulted, and others, now in the design and develop-
ment stage, are expected to have even more critical catapult
take-off characteristlcs.

This loss in helght subsequent to take-off may ber
attributed largely to the combined effects assoclated with
the use of low-aspect-ratlo wings, small ground attitude
angles, and hlgh wing loadings. The low lift-curve slopes
representative of low-aspect-ratio delta-wing configuratlons
require that the angle of attack be quite high at presently
avallable launching speeds. The angle of attack at maxlimum
11ft for such wing plan forms may be 20° or greater.

Recause present-day launching speeds are higher than the
alrplane stall speed, the problem resolves itself into belng
able to obtaln the requlired high trim angle of attack before
settling occurs. In addition, the tricycle landing gears
used on jet alrcraft generally provide static ground
attitude angles which are considerably less than the sangle
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of attack assocliated with maxlmum 1ift. When these features
are combined in an alrplane configuration, as they frequently
are with modern jet alrplsnes, the 11ift developed at the
instant the wheels leave the end of the deck may be uppre-
ciably less than the weight of the alrplane, even when 1its
launching speed 1s 10 per cent or more above minlmum fllght
speed. In such cases 1t 1s necessary that the pllot, by use
of longitudinsl controls, pltch the airplane to the required
angle of attack in time sufficlent to prevent an excessive
loss 1in helght.

Although a carrler flight deck 1s usually from 50 to
70 feet above the water line, any appsarent uncontrollable
tendency of the alrplane to lose helght after belng launched
1s & source of considerable anxlety to the pllot, especially
during night catapult operatlions where the surface of the

sea ls generally not visible.

Modlified launchlng procedures. Varlous modifications

of exlstin; catapult launching technlques &nd procedures
together wilth special catapulting devices have been con-
sidered 1n order to improve the launching characterlistics of
alrplanes expected to have critical take-off performance.
Among these speclal catapultling arrangements are

(&) Dynamically rotating the alrplane during the

catapult power stroke by utllizing the

CONWEDZNTIAL - - - . . ..
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catapult force to impart a nose-up pltching
moment. This procedure might be difflicult to
control with varylng alrplane loadings and
inconslistencies in the time historlies of the
catapult force.

(b) Pixing the slrplane at a higher-than-normal
ground attitude angle by elther extending the
nose-wheel oleo strut or holding the tall down
prior to the catapult power stroke.

This arrangement Introduces problems assoclated with the
inclination of the jet exhaust, such as Ilncreased difficulty
and hazard to the spotting crew and considerable heating of
the flight deck in the vicinity of the catapult holdback
position. It may also increase the time required for

spotting the alrplane on the catapult.

Method consldered by thesis. In view of the dls-

advantages assoclated with the preceding modified catupulting
arrangements, an alternate method is considered 1n the
present paper. The method incorporates the Installation of

& curved ramp on the portlon of the deck extending from the
bridle release point to the bow end of the deck, a dlstance
of 50 feet. The primary function of such a ramp would be to
impart an initial vertical veloclity to the catapulted alr-

plane in order that more time would be avallable for the

- -CONTIDENTIAL
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controls to pitch the alrplane to the requlred angle of
attack before settllng could occur. The speed reductlon
sacrificed to obtaln the requlired Inltlael vertical veloclity
appears to be of 1little consequence wlth present-day cata-
pulting equlpment. In cases where the elevator control
effectiveness 1s low, the curvature of the ramp would also
provide an additlonal nose up pltching velocity and thereby
reduce the tlme requlred to reach the trim angle of attack.

To i1llustrate the effect of such a ramp, the take-off
characteristics of & conventlonal stralght-wing jet fighter
alrplane of moderate aspect ratlio and & low-aspect-ratlo
delta-wing airplane are calculated, assuming 1n one csse,
the alrplane traverses a flat deck and in the other, s
curved ramp. The curved ramp considered 1s of circulsar-usarc
profile and has 4 total rise of 1.73 feet In 1its length of
50 feet.
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CHAPTER II

THE PROCEDURE TSED AND THE EXAMPLES CONSIDERED

The present investigastlion 1s concerned with motion of
an airplane over an interval extending from the polint at
which the catapult bridle 1s released to a posltion uhesad
of the carrler where the translent effects of the take-off
have largely subslded. It 1s in thls Interval, a pericd of
approximately 2 seconds, that the pllot may have little or
no controcl over the alirplane's motlon.

Essentially, the computatlional procedure lInvolved
solving three simultsneous equatlons of airplane motlon wlth
prescribed initial conditions determined at the instant the
wheels leave the deck. In order to simplify the analysls,
the landing gear was assumed to be rigid and in all but one
cage the controls were consldered to be locxed. The
derivation of equations and a detailed discussion of thelr

application may be found 1in the appendilx.

The curved ramp. The ramp used as an example in the

féllowing computations has a clrcular-arc profile with a
radius of 720 feet; 1t 1s tangent to and extends 50 feet
beyond the catapult release point. The total rise of the
ramp is 1.73 feet and the width 1s sufficient so that the

main wheels 83 well as the nose wheel will follow its

5 _ _ CONFIDEWT:al,
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surface. With a catapult end speed of 85 knots, the pitching
veloclty of &n alrplane traversing the ramp Is 11° per
second, the normal acceleration sustained by the airplane 1is
1.%g, and the vertlcal veloclty of the wheels st the end of
the ramp 1s 10 feet per second. The sketch shown in

Flrure 1 glves an indlcatlon of the size of the ramp com-
pared with & conventlonagl Jjet fighter airplane. It might

ve noted that since the normal acceleratlion impsrted by a
clrcular-arc ramp 18 constant, a circular arc provides the
least possible maxlmum acceleratlion required for a zliven

vertlical veloclity at the end of the ramp.

Alrplanes used as examples. Two alrplanes have been

chosen to 1llustrate the effect of the curved ramp.

Alrplane A 1s a stralght-wing fighter airplane with
moderate aspect ratlo. The physical characteristics and the
aerodynamic data obtained from a wind-tunnel test of air-
plane A are presented 1n table I. Longltudinal control 1s
provlded by elevators mounted on a conventional horizontsal
tail.

Alrplane B 1s a low-aspect-ratlo, tallless confizu-
ration with a modiflied delta-wing plan form. The physical
characteristlcs and wind-tunnel data used with the compu-
tatlons for alrplene B are also given in table I. Longi-

tudinal control 1s accomplished by elevons and trimmers

CONFIDENTIAL B )
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TAKLE

CEARACTERISTICS OF ATRPLANVG UDML TT

1

Creiracteriotic

Airplane A

CALCULATIONS

Arplare B

_CONIGBRTIAT,

W, 1b 14,000 19,000
m, slurs 50 4.9 LH0.0
ky, tt L6 .40
Ve, krots iy ek
U, krots 10 (o)
T, b £,,000 #,000
5, ug f't 210 557
I L, 20 .0
c, it 7005 JESINELS
Cernter-of-gravity location, percent

mean aerodynamic chord 2909 22.0
I, tt 1.5 1.9
b, U1 3.1 .0
ZT" Y N 12.0
Eit, L0 7 It oA
1, 't 12.0 Lh

e e I —
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CHARACTERISTICS OF AIRPLANBS USKD IN CALCULATIONS

Cnnracteristic

Airplune A

Airpiane B

Without ground

Without grourl

With ground

{ ef'fect et'tect et'tfect
Cig T 0.53 -0.11 -0
Chu, per radinn h.,27 2,04 Lol
Cy. , per radinn 0.57 0.49 0.50
‘e i
Cpy | 0.11 0.00% 0.040
€ | 0.735 0.kov 0.4%+0
Y- [0}
Cmo | 0.028 0.058 0.102
ACm ,
— i -0.050 -0.120 -0.16:k
ac, ;
| .
le, per radian %‘ -0 21k 0. 21 -0.000
Cpo o per vudine | -1.080 -0.271 -0.791
e
|
Umq : -12.70 -0.70 -0.70
CmD1 -5.08 0 0
AThe experimertal vuriation of CD with CLE wae nonlirear nnd
hed s vitiue ot CDO of 0.04. The closest lirenr approximation to the

exjperimertal datn,

using a

value of

particularly at the higher lit't coefticients, involved
CDO

of zero.
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located at the tralllng edge of the wing., A tall wheel huas
been added to the trilcycle-~type landlng gear to prevent
structural damage to the tall when tsking off and landing
gt hlgh attltude angles. The statlc attlitude éngle of this
configuration is only 2.7°; however, 1t is possible to
attain 7.0° by pumplinc the neose-wheel olec strut to 1ts
fually extended position, or 1;.0° by fixing the alrplane in
a tall-down poslitlon with the tull-wheel oleo strut fully

compressed,

Assumed catapult and wind speeds. Tsake-off calcu-

lations have been carried out assuming an &5-knot catapult
end speed for both airplanes and a wind speed over the deck
of 10 knots for the case of alrplane A and 25 knots for
alrplane B. W1lth these launching speeds, the 1lift deficiency
on leavlin; the straight deck was 25 per cent for alrplane A
(attitude angle, 7.4°) and 33 per cent for alrplane B
(attitude ansle, 1,.0°). A 25-knot wind speed 1s the

minimum normally considered for carrler operstions: however,
the 10-knot speed was used for ailrplane A to 1llustrate the
effect of the rsemp with this conflguration under a critlical

condition.

CONF'IDENTTAL L
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CHAPTER TII

RESULTS AND DISCUSSICON

Launching characteristics of alrplane A. The com-

puted varlations in height, normal acceleration, angle of
attack, vertical veloclity, true airspeed, and attltude angle
wlth horlzontal distance relatlve to the carrler and
referrsed to the catapult release point are shown in

Firure 2 for the case of alrplane A launched from a stralght
deck and the curved ramp. An approximate time scale deter-
mined from the mean of the velocities In the two cases 1ls
also included in Flgure 2.

In addlitlon to the alrplane characterlistlcs llisted in
table I, alrplane A was assumed to have a fixed slevator
deflection of -2.0°. With the center-of-gravity locatlon
considered (5 per cent static margin), thils elevator
deflection will provide steady trimmed flight at 0°9CLmax°
The attitude angle relative to the take-off platform 1s
7.40° and 1s the static angle. Slnce the landing gear 1is
assumed to be rigid and the serodynamic pitching moment, 1n
thls case, 1s less than the moment required to 1ift the nose
wheel, the attltude angle relative to the deck remains
constant untill the nose wheel leaves the end of the deck.
The alrplane then acquires a nose-down plitching acceleration

which 1s sustained until the main wheels leave the end of

11 . _CONEIDENTIAL
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the deck. The reduced downwash at the tall caused by aero-
dynamic ground effect would increase this nose-down pitching
acceleration, but ground effect was neglected for the case
of airplasne A, since its Influence on pitching 1s of such
brief duration.

It is seen from the normal acceleration time historlies
in Figure 2 that, in both cases, the 1ift developed 1immedil-
ately after the main wheels leave the deck 1s approximately
75 per cent of the required 1ift. While the airplane 1n the
straight deck case begins to lose altitude as a result of
this 1ift deficiency, it continues to climb when launched
from the ramp by virtue of the initial upward momentum
imparted by the ramp. The greater rate of climb in this
case 1s, of course, accompanied by a reduced rate of incresse
in forward speed, since the thrust produced 1s the same 1n
both caées. It appears, however, that the forward speed
sacrificed in order to gain height 1s of little consequence
because, as indicated by the time historles of true alrspeed,
the airspeed continues to increase from its initial value, &
speed which provided a safe mergln above the stalling speed.

In addition to the favorable effect of the initial
upward translational veloclty, the ramp also imparted a
nose-up pitching velocity which reduced the time required

to accelerate upward by a factor of approximately one-half,

_ CONFIDENTIAL
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Although the pltching velocity Imparted by the ramp 1is 11.0°
per second when three wheels gre 1n contact with the ramp,
1t 1s reduced somewhat during the 1nterval while the nose
wheel 13 ahead of the end of the ramp and the main wheels
are in contact with 1ts surface. In the present example,
the pitching velocity was reduced to 7.6° per second.

The plot of airplane helght varlations with distance
from the carrler reveals the 1lmportant result that, due to
an initlal insufflclent 1ift, a loss of helight of 9 feet 1is
experienced by the alrplane when launched from a conventional
stralght deck, whereas under similar conditions the airplane
launched from a curved ramp shows no tendency to settle, but
continues to climb. Three seconds after take-off, the
vertical spread between the flight paths of the two cases
1s approximately L0 feet.

The angle of attack of airplane A did not reach the
static trim value (O'9CLmax> for which the controls were
set throughout the time intervsl covered by the compu-
tations; however, for some conditions where there may be
danger of exceeding the stall angle of attack, 1t may be
necessary to use a reduced contrcl deflection with curved
ramp launchlngs. Inasmuch as the angle of attsck reached
by the straight deck case is less than that for the ramp,
1t may be possible that some galn could be realized without
danger of overshooting the stall angle by setting the

-CONFIDENTTAL, .
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controls for the stralght-deck case at a somewhat higher
trim angle of attack and thereby increase the aerodynamic

pltching moment. It i{s felt, however, that this change

would not greatly alter the comparison.

Launching characteristics of airplane B. A presen-

tation of the take-off characteristics of airplane B
leunched from a straight deck and the curved ramp is glven
in Figures 3% and L. The computed variables are the same as
those for airplane A in Flgure 2.

In some cases, the aerodynamic pltching moment of
airplane B was sufficlent to 1ift the nose wheel immedlately
after release of the catapult bridle. Aerodynamic ground
effect would, in such cases, affect the pitching over the
entire length of the 50-foot take-off run, and was therefore
taken Into acéount during the tsake-off run of alrplane B.
The aerodynamic characteristics of alrplane B with ground
effect were tsken from wind-tunnel tests and are given in
table I,

Filgure 3 shows the case wherein the control deflec-
tion is -9.0° and the attitude angle at the bridle release
point 1s 7.0°, the angle obtalned by blocking the nose-wheel
oleo strut to its fully extended positlon.

The aerodynamic pitching moment was sufficlent to

1ift the nose wheel during the straight-deck take-off run,
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but, due to the radlal ramp accelersation acting at the
center of gravity which is forward of the main wheels, the
same serodynamic pltching moment was not sufflclient to 1ift
the nose wheel for the case of the curved ramp. As a
result, the nose-up pltching velocity at the instant of
take-of f 1s L;.4,° per second for the straight deck as com-
pared with 7.0° per second for the curved ramp. Slnce the
difference in nose-up pitching velocity at the instant of
take-off 1s small, the potentlal advantage of the ramp for
this case 1s primarily due to the initial vertlcal veloclty.
The total loss in height following the straight-deck
take-off 13 6 feet and the alrplane remains below deck
level for a distance of about 50 feet. The alrplane after
taking off from the curved ramp contlinues to climb and, In a
distance of 500 feet from the csrrier bow, has attalned a
helght %6 feet greater than the stralght-deck case. The
minimum retes of climb for the case of the curved ramp and
straight deck are, respectively, l; and -8 feet per second.
In Figure L the ramp launching shown in the preceding
figure 1s compared with a launching from the straight deck
in which the initlal attitude angle 1s 14.0° and the control
deflection ts -15.0°. Also included in the flgure are
results of computations made for the ramp case ln which the

control deflection 1s filxed at -9.00 unt il the maximum
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angle of attack 1s reached, at which time the controls are
moved in a manner required to hold the angle of attack
constant.

It will be noted that in Figure L the initlsal control
deflection for the ramp case 1s less than the deflectlon
used wlth the straight-deck launching. A reduced control
deflection was used in view of the results of other compu-
tetions for a similar launching from the ramp, wherein the
control deflection was -15.0°. Here, it was revealed that
wlth a —15.00 control deflectlon the Initial pltching
velocity imparted by the ramp, coupled with the effects of
low damping in pltch and & large initial out of trim
pitching moment, caused the angle of attack to reach a pe ak
value of 30°, an angle belleved to be greater than the stall
angle of attack of this sirplane. In connectlon with large
angles of attack, 1t should be mentioned that the analysls
assumes & linear variation in 1ift and pltching moment with
angle of attack; consequently, near the stall angle, where
this assumption 1is not valld, the computations are somewhat
in error.

Since the stralght-deck case has the hi-her control
setting of the two launchings shown in Figure !}, the rate of
climb for this case, assuming the controls remained fixed,
wlll eventually exceed that of the ramp. It 1s posslble,

however, for the pllot to improve the rate of ¢limb of the
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ramp case by Increasing the control deflectlion after there
is assurance that the stall angle of attack will not be
exceeded. An example 1s consldered wherein the controls are
assumed to be fixed at -9.0° until the maximum angle of
attack 1s reached and thereafter are deflected so as to hold
the anzle of attack constant. Thls conditlon could only be
approached in the practical case since computations show that
the required control motion has the form of a step deflec-
tion, increasing from -9.0° to -16.9° at the time the sangle
of attack reaches a maximum value of 2,.2°. The deflection
then approaches a steady-state value of -16.5°., The com-
puted results using the foregoing assumption are ldentlfied
in Figure l; by the short dashed curves.

In addltion to the results presented herein, flight-
path computations were also made for a ramp launching of
alrplane B at a lighter weight (17,000 1lb) and at an initlal
attitude angle of 2.7°. At this angle only 2 per cent of
the required 1ift was developed at the end of the deck.

This very low 1I1ft at a = 2.7° 1s asscclated with an
upward trimmer deflectlon which reduces the 1ift 2t a gliven
angle of attack. The initlal vertical velocity and the
nose-up pltechlng velocity imparted by the ramp, however,
were sufficient to prevent any subsequent loss in height.
The minlmum vertlcal velocity in thils case was upward

2 feet per second.
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CHAPTER IV

A QUALITATIVE ILLUSTRATION OF A SMALL SCALE MODEL

CATAPULTED FROM A CURVED RANMP

The preceding computations have Indicated that a
curved ramp of relatively small height would provide sub-
stantial improvement in the launching cheracterlstics of
airplanes catapulted with a 1lift deflciency at the 1lnstant
of take-off. 1In order to give a qualitative verification
of these trends, motlon plctures were made of catapult
launchings of a small delta-wing model.l No attempt was
made in this simple experiment to preclsely duplicate full-
scale conditions; however, the thrust-welight ratlo, the wing
plan form, and the ratio of airplane length to ramp length
were, in these tests, approximately equlvalent to alrplane B
in the preceding computations. The ground attitude anglse
and lsunching speed of the model were so adjusted that a
noticeable dip in the flight path resulted when the model
was catapulted from a flat launching platform. Similar
launchings were then made with various amounts of curvature

in the launching platform.

1 The author is grateful to Mr. Marlin Hazen for
constructing the model alrplane and assisting 1in the
launching demonstrations.
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Description of the test asppasratus. A sketch of the

model, the catapulting device, and the launching technlque
i1s presented in Figure 5. The model, constructed of balsa
wood, had a delta-wing plan form with a 1l2-1inch span and an
aspect ratio of 2.6. Although the model was not powered, a
thrust-weight ratlo of 0.2 was approximated by referring
motion of the model to a reference llne which was tilted
downward in the direction of flight an angle tan™® T/ (23°).
In this mamner, the welght component of the model contributes
a constant thrust in the direction of the assumed reference
line; however, in the sctual case the thrust 1s constant in
the direction of the fuselage reference llne. Therefore,
the equlivalent thrust of the model 1s less than the thrust
would be if the model were actual powered to provide the
assumed thrust-weight ratio, by a factor of the cosline of
1ts attitude angle.

The launchlng platform used to slmulate a carrler
deck was a 12- by 30-inch sheet of 1/8-inch plywood supported
from beneath by a rigid frame (see Figure 5). The platform
was bonded to the frame aft of a point 12 Inches from the
forward end and was free to bend upward shead of thls point.
A circular-arc ramp was approximated by simply blocklng up
the forward end of the flexible platform.

The catapulting device conslisted of an elastic shock

cord connected, by a sultable pulley arrangement, to a
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shuttle which was free to slide in a fore and aft directlon.

Detalls of 1ts operation are shown in Figure 6,

Results of the test. It was found that the 16-mm

motion-picture frames on which the launchings were photo-
graphed could not be enlsrged for suitable reproduction;
therefore, the flight paths and &an indlcatlon of the
attitude angle at varlous points along the path of typlcal
launchings were obtained from a sequence of such frames and
are presented in Figure 6. To avold confusion, the camera
was rotated about Iits focal axis so that, In the plctures,
the tilted reference line appeared to be horizontal. The
three cases shown in the figure represent a stralght deck
launching ana curved ramp launchings in which the end of the
ramp was elevated l; and & per cent of 1its length. It might
be noted that the circular-arc ramp consldered In the
computations had a total rise of approximately 3.5 per cent.
The launching speeds were essentially the same for each of
the three cases.

The trim of the model was the same for both the
straight deck case and the L} per cent ramp case; however,
with the 8 per cent ramp launching, the trim angle of attack
was reduced somewhat in an attempt to prevent excessive
pltching after take-off due to the large inltlsl pltching

velocity imparted by the ramp. In view of the high angle of

-
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A QUALITATIVE INDICATION OF THE FLIGHT PATHS AND ATTITUDE ANGLEGS
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attack obtalned after take-off 1n thls case, 1t appears that
a further reduction in the trim setting muay be desirable,
or possibly, 1t may not be practical to use & ramp of such
large curvature 1n cases where the airplane has low damplng
in piteh.

In general, the effects of a curved ramp on the model
launchings shown in Figure 6 are in qualitative agreement
with the trends predicted by calculations In precedlng

sections of the thesls.
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CONCLUSIONS

A possible method of lmproving the taxe-off perform-
ance, in cases where an alrplane 1s catapulted wifh a 1ift
deficlency at the instant of take-off but at a speed some-
what greater than the stall speed, was considered by the
thesis. The method incorporates the installation of a
curved ramp over the portion of & carrler deck extending
from the catapult release point to the bow end of the flight
deck, a distance of 50 feet. The functlon of the ramp
would be to Impart an initial upward translational velocity
together with & nosé-up pitching velocity to the cestapulted
alrplene. The 1Initlsl veftical velocity would serve to
provide more time for increasing the angle of attack before
settling could occur, and, in cases where the longlitudinal
control effectiveness 1s low, the Initlal nose-ﬁp pltching
velocity would reduce the time required to reach the trimmed
angle of attack.

The effects of & circular-arc ramp on the take-off
characteristics of a stralght-wing jet fighter sirpleane of
moderate aspect-ratlo and a low-aspect-ratlio delta-wing
airplane were calculated in the early stages of flight
subsequent to being launched &t insuffleclent 1lift. It was

found that & ramp of relatively small height (1.73 feet)
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could be used effectively to eliminate the tendency of these
airplanes to settle when launched from & conventional
straight deck. The amount of helght lost In the stralght
deck launchings conslidered was as much as G feet, whereas
with similar launching from the ramp the airplanes remalined
above deck level and continued to climb, It was noted In
certaln cases where ramp launchings were computed for the
tatlless delta-wing airplane that 1t was necessary to use &
reduced control deflection in order to prevent the angle of
attack from becoming excessive. This was attrlbuted to the
tnitial nose-up pltching velocity imparted by the ramp In
conjunction with the very low damping 1n pitch which 1s
inherent with tallless configurations.

In additlion to these calculatlions, a slmple experl-
ment was conducted in which & delta-wing model having a
12-inch span was launched from a straight and a curved take-
off platform. Motion pictures taken of these launchings
qualitatively confirmed the trends Indlcated by the

calculations.
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SYMBOLS

aspect ratilo

radial acceleration of ramp in g unlts

wing mean aerodynamlc chorad

drag coefficient, D/qS

1ift coefficlent, L/qS

pltching-moment coefficlent, M/qSCT

drag

airplane efflclency factor

deck reaction force

acceleration due to gravity

distance between fuselage reference llne and wheel
hub measured in plane of symmetry, perpendlculsar
to fuselage reference line

radius of gyratlion about lateral axis

1ift

distance between center of gravity and wheel hub
measured in plane of symmetry parallel to fuselage
reference line

defined by equatlion (5) of appendix

pltching moment (positive nose up)

alrplane mess

dynamic pressure, pVe /2

radius of curvature of curved ramp

.-52 . "
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S wing ares
8 distance measured along flight path
t time
T thrust
U wind speed relative to carrler deck
' true alrspeed
Ve catapult end speed relative to deck
w alrplane weight
x horizontal distance betwsen cataspult-bridle release
point and maln wheel hub
X axis 1in directlon of free stream
Z vertical axls perpendicular to free stream
a angle of attack
8¢ elevator or elevon angle
8 attitude angle
v coefficlent of friction
p alr density
Y flight-path angle
o] deck angle
Subscripts:
n nose wheel
m main wheel
t tall wheel
1 catapult-bridle release point

- .- - 2 -
B
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The terms involving a subscript O (CLO, Cng> and 8o
forth) are the velues of the coefficlents when the varlables
upon which they depend are zero. A dot over a varlable
indicates differentiation with respect to time. Deflnitions
of stabllity derivatives are given by the following

examples:

Lo Lo
CLa - da Cmq - a(g_)
v

aCL 9 Cp

Lo, ~ 35, Cmpe T T3
e e a 3 ca
2V
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APPENDIX
METHOD OF COMPUTING TAKE-OFF PERFORMANCE

Equations of motlon. The system of moving axes with

the orlgin taken at the airplane center of gravity and the
definlition of forces and angles sare shown in Flgzure 7. A
summation of the inertla and external forces and moments
acting at the center of gravity when the airplane 1s in the
position indicated by the figure produces for the rigld

landing~-gear case

mV =T¢cos a ~D =-Wsin Y +

F‘mEin(Y-ﬁ) - p cos (Y-ﬁﬂ (la)

mVy =L + T sina - W cos v +

Fglcos(y - #) + p sin(y - éﬂ (1b)

miy®8 = M - Fu[(lg + uhylcos(d - 8) +
(hy = ulp)sin(g - 8)] (1c)

The 11ft, drag, and pitching moment in terms of aerodynamic

coefficlents are

-
L = qSCy,
D = QSCD g (2)
M = qSEC,
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where
Cr =C + C 6, + Cy a
L LO Lée e LG.
CL2
CD - CDO + wAe

Cm = Om, + Cmﬁebe + Cpa + cmq g% 8 + Cupy_ g% a

The terms CLo’ CDo’ and Cmo are the values of the
coefficients when the variables upon which they depend sare
zero. The thrust of turbojet propelled alrplanes 1s con-
sidered constant for the range of speeds Ilnvolved.

If a tall wheel alone 1is in contact with the deck,
the subscript m In equatlons (1) 1s replaced by t and
the equatlons then define the motlon after the main wheels
leave the end of the deck. When all wheels are clear of the
deck, the deck reactlon force vanishes and the resulting
equations of motion represent the alrborne condition.

To simplify the analysls, the following general
agsumptions have been made:

(1) The controls are fixed.
(2) Unsteady 1ift effects are neglected.
(3) Angular displacements are small.

(L) A linear variatlion of 1ift and pltching

moment with angle of atteckx 1s assumed.

Secux:!;x!y' !n!'og 1Qtiprz -

o - - - vo- -
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(5) Rolling friction 1s neglected.

(6) Landing gear is assumed to be rigild.
Although the validity of some of these assumptions may be
questioned, they are belleved to be justified in thls
initial investigation which 1s primarily an evaluatlon of

trends.

Airplane motlion prior to take-off. To obtailn

particular solutions of the equations of motlion repre-
sentative of the alirborne condition, it is necessary to
determine the alrspeed, angle of attack, attitude angle,
and pitching velocity at the instant the wheels are clear
of the deck. In computing these quantities, 1t was assumed
that, during the take-off run, a distence of 50 feet,
changes in angle of attack and attitude angle have a
negligible effect upon acceleration due to thrust, and the
variations of speed in this reglon do not affect pltchlng.
Accordingly, the increment in airspeed was determined from
equation (la) and the angle of attack, attitude engle, and
nitching veloclty at the end of the deck were found by
solving equations (1lb) and (lc) simultaneously.

It was found convenlent to express airspeed in terms
of dynamic pressure and to use dlistance along the flight
path as the independent varlable rather than time. For the

case of the straight deck, the terms y and @ are zero

g



- 2 CONFIDENTTAL -
. Sdcurdst y--Information

39
during the take-off run; therefore, when rolling frictlon 1s

neglected, equation (la) becomes

' W
V = e
m Zp

ale
I}
-3
t
o

Assume the drag force to be constant during the take-off run.
If, by definition, 8 = (Vo + U)t and x = Vot, the Increment

in q at the end of the straight deck (x = 50 feet) becomes

Vo + U -
Aq = 50 Dg(cvc )(TWD) (3)

For a corresponding take-off from the curved ramp, the

increment in q 1s somewhat less because of the 1.73 feet
of height gained. Equating the work required to 1l1ft the

alrplane 1.73 feet to the change in kinetlic energy gives

AQpgmp = ~1-75 P8

therefore at x = 50

q = qst. deck ~ 1.73 pg (h)

ramp

Rewriting equations (1b) and (lc) in accordance with
the assumptions of no rolling friction and small angles

produces

Vy =L+ Ta - W+ F_ (5a)

o=

Sec !,‘y‘:'In_f‘-crgnat:i_gn.. .
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% ky20 = M - Fpl'p (50)

where
l'm = Ly + hp(d - 8)

The difference in the local deck angle and the alir-
plane attitude angle, (g - @), is practically constant
during the take-off; therefore, 1'y, may be satlisfactorlily
approximated by its value at x = O

V' T lm - hp®y

It will be noted that equations (5) apply for the
case in which the nose wheel is not touching the deck.
Since the landing gear 1s assumed to be rigid, thils con-
dition exists whenever the serodynamic pitchling moment
during take-off 1s sufficlent to produce a nose-up pltching
acceleration or when the nose wheel rolls from the end of
the deck. In the case with the nose wheel in contact with
the deck, the motion of the airplsne before the nose wheel
reaches the end of the deck 1s deflined purely by the
geometry of the take-off platform.

The normal acceleration at the center of gravity in
g units may be expressed in terms of the radial accelera-

tlon of the ramp by the relation

v o .
A 6 (6)

Secur:!:tx: Ir!or:mdll;i_.gn - -
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where
_ Vet
aT‘—Eﬁ_
#hen F 1in equations (5) 1s eliminsted and the resulting

equat ion 1s combined with equation (6), the pltching

acceleration bvecomes

5= — &

L + Ta M
L'm2+kY2[< W - 8n = >L'm+v—vj (7)

The angle-of-attack change during the take-off run 1s smell

and as a consequence changes in the 1i1ft and pltchling moment

in this reglon are neglected. The pltching accelerestion

given by equation (7) was therefore assumed to be constant

over the region in which the nose wheel was free of the deck.

The values of a, 8, and %%

main wheels leave the deck (x = 50) may be computed from

gt the instant the

the following relsations:

8 = 8 + 8, ot + = § at?
ae _ 1 s _ 1 [j N :]
T T, +v0 2 T T, v * % ot
a =86 -y
ro (o)
where y 18 given by the ratlo of vertical to
horizontal components of alr velocity at the center
of gravity
0
Ve (%) * m®
T Vo + U
.

Secﬂ: ¥ Informaticn-. -
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The term GO and 1ts derivatives are evslucted at x the

[oR,
distance between the bridle release point and the main
wheels at the time the nose wheel leaves the deck. When

these quantities are expressed In terms of the deck cgeometry,

they may be written

lm + ln
6o = 83 + R
\'
. _ Ve
® = 1

8, = flagy, 8¢, R, V,, U)

where In the latter equation

o= % - R(V, + U)

Aerodynamlc damping In pitch 1s nerslected In
computing the motlon prior to take-off.

When the pltching acceleration § evaluated at the
brldle release point is positive (nose up), the nose wheel
1ifts at x = 0 and At 1in-equatlons (§) 1s _clven the
value 35. When the pltching acceleratlion is equal to or

less than zero at the bridle release polnt, the nose wheel

remains In contact with the deck until x = 50 - (lp + 1)
ln v+ 1
In whilch case At = —E—v——m-
c

SecurPty Infermatinr |
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The quantitles gq, 8, a, und %% evalaated at the

end of the deck by the precedlng approxlmate relatlons
(equatlons (3), (L), and ({)) were found to be in good
agreement with an analytical solution of a linearlized form

of equatlons (1) In which the variations of 1ift, drag, and

pltehing moment during the take-off run were accounted for.

Alrplane motlon after take-off. In &absence of decx

reaction forces, equations (1) define airplane motion for
the airborne conditlon. Wwhen it 1s noted that Y =6 - a,
equatlons (1) and (2) combine to yleld three slimultaneous
different1al equatlions where the unknown varlables are Q,

a, and 6. These equations are glven Dbelow:

: -
%% = a1 + q<82 + 850’ + ahaa) + as(e - a)
da ds 1
Is = 86 + 33 + a7a + a (a8 + a9a) L (3)
ace _ de da | 21, dq de
‘C—l‘;é‘—lllo’f'alla"'alzd—s""al}a—s-"'qu——s—
-~
in which
L. = 2T
81 = m
. pS ° )
82 = - (Cp, * he
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L
oS 2CLQ<CLO + CL6866>
8z = m mwAe
2
_ps OLa”
8, = ~'m mwAe
_ _p¥
8.5 - m
S(Cr + C o}
p (ho Lo )
8¢ = - 2m
QSCLa
a7 - -7 om
_ PW
ag = 5.
_ T
ag = -5
(cmo + Cmg ae) PST
8 -
10 2
CmaSE'p
a py
11 2mky”
Cpy.. 05T 2
a =
12 lymk 2
C see
a mDap
1% =
1
a1 = 7
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Equations (9), subject to the initisl condltions 3, a, B8,
and %g evaluated at the point whiere the alrplane leaves the
deck, were Integrated on the Bell Telephone Laboratories

X-667L) relsy computer at the Langley Lsboratory by usling
R —

the Runge-Kutta2 method of numerical integratlon.

2 Scarborough, James B., Numerical Mathematical
Analyslis, The Johns Hopkins Press (Baltlmore), 13550,
Y S59-305.
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